We investigated growth inhibitory effects of the stoneworts (Characeae) Chara aspera, C. globularis, C. rudis and C. tomentosa on the target organisms Chlorella vulgaris, Acutodesmus acuminatus (Chlorophyta), Synechococcus elongatus, S. leopoliensis (Cyanobacteria) and Aliivibrio fischeri (Proteobateria). Besides fresh Chara shoots, we tested dichloromethane, n-butanol and methanol extracts from dried algae and condensed ice from the lyophilisation process. The study revealed a high potential of allelochemicals of stoneworts for antibiotic treatments, which could be applied in several application fields. We found minor growth inhibition of eukaryotes, but strong effects on Cyanobacteria and A. fischeri with both life algae and extracts. HPLCanalyses of the extracts revealed neither intra-, nor interspecific differences of the composition, only quantitative differences were observed. Cyanobacteria were strongly affected by polar ice extracts indicating the presence of volatile allelochemicals. Application of allelopathically active extracts caused a strong decline of maximum fluorescence yield, a measure of physiological fitness, within the first few minutes and a partial recovery after 60 to 90 minutes. A comparison of active and non-active ice extracts based on GC-MS screening revealed complex patterns for active ones, however an identification of individual compounds was beyond the scope of this study.
IntroductIon
Characeae, commonly called stoneworts, are submerged photoautotrophic multicellular macroalgae with an appearance rather similar to higher plants (Mccourt et al. 2004) . Stoneworts are able to colonize different habitats, such as spring-fed brooks, lakes (also deeper layers), ponds and fluvial systems; they are found in freshwater to brackish waters. Characeae usually form monospecific submerged meadows (Berger & Schagerl 2004) . Waterbodies with a frequent occurrence of these organisms are generally clear waters with low phytoplankton productivity and great Secchi-depths (crawford 1977; Blindow et al. 2002; Pełechata et al. 2015; rodrigo et al. 2015) . Many members of the Characeae have a characteristic pungent smell resembling garlic due to sulphuric compounds (anthoni et al. 1980) , which are thought to be allelopathically active (anthoni et al. 1980; hilt & groSS 2008) .
According to MoliSch (1937) , allelopathy is defined as an either harmful or beneficial biochemical effect between two plants. It is a widely distributed phenomenon and found between terrestrial, e.g. walnut trees (erciSli et al. 2005) , and aquatic plants, e.g., (KuraShov et al. 2014 ). Producing such alleochemicals is an advantageous strategy for being highly competitive.
Myriophyllum, Elodea, Ceratophyllum and Stratiotes
Some previous investigations assessed the allelopathic activity of several macrophytes and stoneworts with respect to their potential application for restoring eutrophic water bodies (Berg et al. 1999; PaKdel et al. 2013; rojo et al. 2013) . A loss of submerged macrophyte vegetation followed by a switch to the turbid state due to eutrophication has been documented for temperate shallow lakes (Blindow et al. 2002; Körner & nicKliSch 2002) . Replanted dominating macrophyte meadows (including stoneworts) could be useful in wetland restoration and in achieving stabilized clearwater states by reducing the growth of phytoplankton and biofilms (jePPeSen et al. 1997; hilt & groSS 2008; rojo et al. 2013; gette-Bouvarot et al. 2015; rodrigo et al. 2015) . Another application of Characeae as ecological engineers could be growth control of harmful, toxic Cyanobacteria such as Microcystis (chen et al. 2012) .
Allelopathic activity of Chara extracts was already demonstrated for some taxa (Berger & Schagerl 2003 , 2004 hilt & groSS 2008) , but may also occur in other species. In many cases Cyanobacteria and diatoms, but only sporadically Chlorophytes were negatively affected by Chara (Berger & Schagerl 2003 , 2004 rojo et al. 2013) . Mostly inhibitions of photosystem II activity were observed (Berger & Schagerl 2004; hilt 2006) . A promising tool is the pulse amplitude modulated (PAM)-fluorescence technique, which was already applied for vascular freshwater macrophytes (Körner & nicKliSch 2002; jiang et al. 2014 ) and marine macroalgae Ye et al. 2014) . Numerous laboratory experiments have been carried out, but in situ allelopathy of submerged macrophytes and stoneworts is difficult to investigate. So far, only few field-studies dealing with allelopathic interactions in aquatic systems have been published (forSBerg et al. 1990; groSS et al. 2007; hilt et al. 2012) .
Another point of discussion regards species specificity of allelopathic interactions between submerged macrophytes and target organisms (van donK & van de Bund 2002; hilt & groSS 2008; PaKdel et al. 2013 ). Compared to monocultures, mixed cultures containing several Chara species and Myriophyllum spicatum linnaeuS resulted in much stronger growth inhibition of phytoplankton (rojo et al. 2013) .
Beside biotic interactions, also abiotic factors influence allelopathy. Nutrient limitation is one example as it increases the sensitivity of phytoplankton to allelopathic substances released by submerged macrophytes (reigoSa et al. 1999 ). Light availability is another factor influencing the degree of phytoplankton sensitivity against allelochemicals (groSS 2003b). Mulderij et al. (2005) revealed that exudates of the vascular macrophyte Stratiotes aloides linnaeuS had a stronger effect on the growth of green algae at low irradiance compared to algae at higher irradiance.
According to groSS (2003a), allelochemicals released by submerged aquatic macrophytes into the ambient water must possess a hydrophilic character and have to be exuded at certain concentrations for reaching/influencing their target organisms (problem of dilution). Exactly these characteristics were found by BanKova et al. (2001) , who focused on Chara globularis thuillier and found antibiotic activity of aqueous (polar) extracts. They mentioned that also volatile substances could exert allelopathic effects. Substances from a hydromethanolic extract of Chara aspera willdenow had negative effects on the growth of Cyanobacteria (Berger & Schagerl 2003) . This effect was attributed to low molecular weight substances which might easily pass cyanobacterial cell membranes (groSS 1999).
Several substances of stoneworts were identified so far, and some may be also allelopathically active (Supplementary Table S2 ). 5-Methylthio-1,2,3-trithiane and 4-methylthio-1,2-dithiolane have been isolated from Chara globularis and are assumed to be responsible for photosynthesis suppression and growth inhibition (anthoni et al. 1980) . Both substances are thermolabile and volatile. The same substances were isolated from freshwater and brackish Chara species in a laboratory experiment (wiuM-anderSen et al. 1982) . Furthermore charamin, a quaternary ammonium (Berger & Schagerl 2003) .
In this study, we aimed to identify intra-and interspecific allelopathic differences of four active Characean species. We searched for intergeneric differences of target organisms, which were photoautotrophic eukaryotes, cyanoprokaryotes and heterotrophic prokaryotes (possible antibiotic effects). We considered both polar and apolar Chara substances and tested two drying methods (air drying at 30 °C versus lyophilisation with a condenser temperature of -100 °C). To our knowledge, this is the first study which also included potential effects of volatile substances: we collected ice which condensed during the lyophilisation process and tested also ice extracts for allelopathic activity.
MaterIal and Methods
Collection, treatment of fresh Chara and drying methods. Four Chara species, each from two different sampling sites in Austria, were chosen to check for their allelopathic activity (Table 1) .
From each sampling site, several kilograms of fresh algae were collected either by hand (wading) or snorkelling (1-4 m water depth). To consider site-specific differences, (1) n-butanol ice extract (inhibition intensity +++); (2) control filter without any extract or solvent (MeOH); (3) control filter with evaporated MeOH; (4) MeOH extract of lyophilised algae (inhibition intensity = -). each species was collected from two water bodies. The collected stoneworts were identified according to the identification key of KrauSe (1997) . Some Chara shoots were treated with some crumbs of citric acid powder or several drops of vinegar for removing calcareous layers on the cortex. Tightly attached epizoa (e.g. the molluscs Dreissena or Bithynia) were removed.
Two different drying methods were applied to compare the stability of the allelochemicals (Fig. 1) . The fresh material was divided into three parts, carefully rinsed with tap water and gently spun in a salad spinner to remove attached water. One part was prepared for the freeze-dryer (Zirbus technology VaCo 2-E; condenser temperature: -100 °C), one was dried in a drying cabinet at 30 °C (Binder, Art. No.: 9120-0073; 50% ventilator-speed) and the third was used for the bioassays with living material. Before starting lyophilisation, the material was placed in a beaker glass, weighed (A&D FY-2000) for fresh mass and frozen for several hours in a -80 °C freezer. Before each lyophilisation, the freeze-dryer was carefully washed with several litres of Milli-Q-water to avoid cross contamination.
The dry material was then homogenised with a mortar, filled into paper bags, weighed for dry mass and stored in the -80 °C freezer together with a desiccant in plastic boxes. Ice from the freeze dryer was thawed, collected and stored in 50 ml Greiner tubes in the -80 °C freezer until use for further experiments. For determining the ash mass (inorganic fraction), 1 to 2 g of dried material were combusted in a muffle furnace (450 °C for 6 hours; Kittec XR Lehrer Thermocomputer TC 507).
Extraction with methanol (MeOH), dichloromethane (DCM) and n-butanol. DCM (VWR, Prolabo, GPR Rectapur, No.: 25631.362) was used for extracting apolar substances, MeOH (p.a. quality) for the extraction of polar compounds by means of an accelerated solvent extractor (Dionex ASE 200). 5-13 g of material were filled into cartridges and extracted twice with 30 ml of DCM followed by two extractions with 30 ml of MeOH at room temperature. The two extracts with the same solvent were combined and evaporated under reduced pressure (Heidolph VV2011 with water bath WB2001; MeOH: 40 °C, 180-200 mbar; DCM: 40 °C, 600-650 mbar).
Ice from the freeze-dryer was thawed and extracted in a first step with DCM for apolar substances (ratio 1:1) followed by a second step with n-butanol (p.a. quality) for polar substances. DCM was then removed in a Heidolph evaporator, n-butanol in a GeneVac EZ-2-Series Personal evaporator (program: Medium BP, 40 °C). The extracts were weighed and stored in a desiccator. For further experiments and analyses, n-butanol ice extracts were re-dissolved in MeOH (p.a. quality). In total 48 different extracts were available for the experiments.
Bioassays with living Chara shoots and extracts. Four different photoautotrophic microalgae strains were used as target organisms: The chlorophytes Chlorella vulgaris BeijerincK (SAG 211-11b, SAG = Algensammlung Universität Göt-tingen), Acutodesmus acuminatus lagerheiM (ASW 05027, (1992), ASW = Algenkultursammlung Wien) and the Cyanobacteria Synechococcus elongatus nägeli (SAG 89.79) and Synechococcus leopoliensis (raciBorSKi) KoMáreK (SAG 1402-1). These strains provided homogenous growth on both solidified inoculated agar plates and in liquid media. For excluding any growth inhibition of the target organisms by nutrient depletion, culture media with a sufficient amount of nutrients were used. C. vulgaris and A. acuminatus cultures were grown in 3NBBM medium, S. elongatus and S. leopoliensis in BG11 medium (both autoclaved at 120 °C) in a light-dark cycle of 16 to 8 hours (15 μmol photons.m -2 .s -1 PAR) in a climate chamber at 18 °C (Sag 2016) . All bioassays with photoautotrophic target organisms were performed in petri dishes on solidified agar. Tests were conducted with non-axenic material. According to PaKdel et al. (2013) and Berger & Schagerl (2003) , the presence of heterotrophic prokaryotes and other contamination of non-axenic Chara material is negligible in bioassay approaches due to their low concentration.
Healthy Chara shoots were cut off, carefully rinsed with distilled water and checked for epizoa under the binocular. For each Chara site and target species, triplicates plus one control (inoculated only with the target algae) were prepared in three steps by using plastic petri dishes according to Berger & Schagerl (2004) : first, a layer with 1% agar (Fluka Analytical, BioChemika 05039-500G; Milli-Q water) was prepared for each petri dish. Then, an agar medium with 0.2% agar (3NBBM for Acutodesmus acuminatus and Chlorella vulgaris, BG11 for Synechococcus elongatus and Synechococcus leopoliensis) was prepared, cooled down to 30 °C and inoculated with few ml of the target algae stock. This medium was immediately poured onto the basic agar layer. Finally, one Chara shoot per petri dish was placed onto the inoculated top agar layer and pressed down carefully to guarantee contact to the medium. The petri dishes were sealed with parafilm to minimize drying, placed in the culture room and kept at 18 °C, 16 hours light, 8 hours dark at 30 μmol photons.m -2
.s -1 PAR. Photos of petri dishes were taken with a Sony Cybershot DSC-TX20 after 14 and 21 days, respectively. The intensity of growth inhibition of the bioassays with fresh algae and extracts was defined by the size of the surrounding clearance zone. The effects were categorised according to the strength of inhibition: -(no inhibition of microalgae growth), + (living shoot: small inhibition zone; extracts: inhibition zone around filter < 1.5 mm), ++ (living shoot: about 2/3 of the petri dish without microalgae growth; extracts: inhibition zone around filter 1.5 to ≤ 5.0 mm) and +++ (living shoot: no microalgal growth in petri dish observable; extracts: inhibition zone around filter > 5.0 mm). Two examples are shown in Figure 2a and b. For testing the allelopathic activity of the Chara extracts, sterile glass fibre filter discs were used (6 mm in diameter, Munktell MG-C; Fig. 2b ). Target cultures were prepared as described above. Polar extracts, including the n-butanol ice extracts, were re-dissolved in MeOH (p.a.) and apolar extracts in DCM (p.a.) at a concentration of 5 mg.ml -1 (referred to the weight of the dry extract crop) by sonication for 2 minutes.
For each of the 48 Chara extracts, triplicates were prepared by applying 10 μl of the re-dissolved extracts on the filters with a Hamilton syringe. The filters were dried overnight in a desiccator for complete removal of the solvents. Additionally, one filter without any extract or solvent and one treated with DCM or MeOH only (10 μl of each) were used as negative controls. Filters were placed on the second agar layer and each petri dish was sealed with parafilm. Photos were taken as described above; inhibition zones were measured with the software ImageJ 1.46r (raSBand 1997 (raSBand -2014 .
Extract tests on a heterotrophic, marine, bioluminescent bacterium (Aliivibrio fischeri). The LumiStox test-kit (LCK 480; Dr. Bruno Lange GmbH & Co KG, Düsseldorf, Germany) was applied according to a standardized testing procedure in the laboratories of the Institute for Environmental Biotechnology (BOKU -IFA Tulln). The whole experimental setting followed the instructions of the manufacturer. All 48 extracts were re-dissolved in MeOH and tested at a concentration of 5 mg.ml -1 . For the assays, all extracts were centrifuged for 5 minutes using an Eppendorf miniSpin. 20 μl of each solution and a control of 20 μl MeOH were transferred into the glass cuvettes of the LumiStox-instrument and the solvents evaporated at room temperature. Positive and negative controls were included for each test run. An incubation time of 30 minutes was chosen after adding Aliivibrio fischeri to the extracts. Inhibition was defined as a > 20 % decrement in bioluminescence after addition of Chara extracts.
Pulse amplitude modulated (PAM) -fluorescence measurements. For testing potential effects on photosystem II (PS II) of target organisms, a Waltz measuring device was used (PAM-2500/US, ED-101US/MD, PAM-2500/US/D, PAM-2500/US/ER; software: PAMWin, Walz -Mess-und Regeltechnik, Effeltrich, Germany). The maximum quantum dark yield decreases, if an extract inhibits the target organism by affecting the PS II complex. The calculation for the maximum quantum dark yield (F v /F m ) of PS II followed the formula Maxwell & johnSon (2000) . F m is the maximum dark fluorescence, F 0 the minimum and F v the variable fluorescence.
60 μl of lyophilised Chara tomentosa MeOH extract (concentration of 5 mg.ml -1 redissolved in MeOH), which showed strong inhibition in preceding bioassays, was evaporated in glass tubes in a desiccator. Target algae were darkadapted for at least 15 minutes. Then 3 ml of culture solution were added to the dried extracts. For dissolving extracts, glass tubes were carefully shaken. Triplicates were prepared for each target organism. PAM-measurements were taken at 5, 15, 30, 60, 90 and 120 minutes incubation. As a reference, each target culture was tested without any extract and defined as 100 % PS II activity.
Chromatographic analyses. Thin-layer chromatography (TLC) was performed for a first overview of the intra-and interspecific compositional similarity of the Chara extracts. Silica plates (Merck Analytical chromatography; TLC Silica gel 60 F 254 ; aluminium sheets 20 x 20 cm; No.: 1.05554.0001) were used as stationary phase. All 48 extracts were re-dissolved in MeOH (polar extracts) or DCM (apolar extracts) to a concentration of 5 mg.ml -1
. 4 μl of each extract solution were spotted on the plate. Two eluent systems and two spraying reagents were used: System A for polar extracts was ethyl acetate-methanol-water (75:11:10) and System B for apolar extracts was toluene-ethyl acetate (93:7) modified after wagner & Bladt (2001). Additionally, two markers (0.5 mg.ml -1 MeOH), rutin for system A and quercetin for system B, were used for comparison. Anisaldehyde-sulphuric acid (detection under daylight after heating at 100 °C for 5-10 minutes) and natural product reagent/polyethylene glycol (detection under UV 366nm for phenolic substances) prepared according to cSontala (2004) were used as spraying reagents. Photos of the TLC plates were taken with a Sony α NEX-3 under UV 366nm and visible light.
All extracts were analysed by high performance liquid chromatography (HPLC) with specific gradients for polar and apolar extracts (Supplementary Table S3 . Before injection, the extracts were centrifuged for 5 minutes using an Eppendorf miniSpin. The results were analysed with the software HPLCsolution (Shimadzu, Kyoto, Japan).
For detecting volatile substances, allelopathically active n-butanol ice extracts and DCM ice extracts of all four Chara species were analysed by gas chromatographymass spectrometry (GC-MS) on a Shimadzu GC-2010 gas chromatograph (Shimadzu GCMS-QP2010, column: Phenomenex, Zebron ZB-5, GC Capillary Column, 60 m x 0.25 mm x 0.25 μm; carrier gas: helium -flow: 20.2 ml min -1 ; injection volume: 1 μl; pressure: 187.7 kPa; gradient: 0-90 min: 60-330 °C and 90-100 min: 330 °C; solvent cut time: 6 min; temperature increase per min: 3 °C; ion source temperature: 250 °C; interface temperature: 270 °C). The extracts were dissolved in DCM, centrifuged (Eppendorf miniSpin) and analysed at a concentration of 5 mg ml -1 . Results were analysed with the software GCMSsolution (Shimadzu, Kyoto, Japan). Two libraries (WILEY229.LIB, NIST147.LIB) and the Kovats retention index were used for peak identification.
Data analysis. Data were analysed and visualised by using the software packages Sigma Plot 11.0 and 12.0 (Systat Software, San Jose, CA, USA), ImageJ 1.46r (raSBand 1997 (raSBand -2014 , Microsoft Excel 2011 and PowerPoint 2011, Adobe Photoshop CS6 (Adobe Systems, San Jose, CA, USA) and GNU Image Manipulation Program 2.8.14 -GIMP (KiMBall et al. 1995 (KiMBall et al. -2014 .
results

Bioassays and Aliivibrio fischeri tests
The polar ice extracts showed the highest inhibitory activity followed by shoots (Supplementary table S1). Polar MeOH and n-butanol extracts resulted in stronger allelopathic activity than the apolar DCM extracts. As only one DCM extract showed inhibition (Supplementary table S1 ), all further experiments focused on MeOH extracts of dried material.
The sensitivity of the target organisms was referred to the amount of tests (%) which indicated allelopathic effects.
Aliivibrio fischeri was the most sensitive target organism, which was indicated by a negative effect on bioluminescence in more than 50 % of the experiments. It was followed by Cyanobacteria; eukaryotic target algae were least sensitive (Supplementary table S1; Fig. 3 and 4) . The bioassays indicated only small intra-and interspecific differences in Chara. When comparing the two collection sites, Chara globularis and Chara rudis showed similar allelopathic activities; Chara aspera and Chara tomentosa resulted in slight differences (Supplementary table S1 ). The seven most active extracts tested at 20 μl for effects on bioluminescence were additionally run at 100 μl to estimate dosedependence; at the higher dosage the bioluminescence signal was reduced to around 50% of the initial signal (data not shown).
Growth of Chlorella vulgaris was neither inhibited by fresh Chara shoots nor by the extracts. Acutodesmus acuminatus showed a similar sensitivity to all four Chara species. C. aspera had the strongest effect on Synechococcus elongatus and Aliivibrio fischeri, but less on A. acuminatus and Synechococcus leopoliensis. C. tomentosa strongly inhibited S. elongatus and S. leopoliensis. C. rudis also caused strong inhibition of Aliivibrio fischeri (Fig. 4) .
Aliivibrio fischeri showed the highest sensitivity to DCM extracts of dried Chara material followed active. C. tomentosa caused the highest amount of all inhibitions (almost 20%) summarised from all tests on photoautotrophic target organisms followed by C. rudis. C. aspera and C. globularis which showed similar amounts of inhibitory effects in the extract bioassays (Fig. 7) . Figure 8 shows a steep decline of the maximum quantum dark yield (afterwards referred to as "yield") of all four target organisms within the first 20 minutes after incubation with the MeOH extract of lyophilised Chara tomentosa (Lake Attersee; concentration of 5 mg.ml -1 ). After 15 to 30 minutes incubation, the yield of A. acuminatus, C. vulgaris and S. leopoliensis remained quite constant. C. vulgaris regenerated again after 30 minutes and S. leopoliensis after 60 minutes, respectively. The yield of S. elongatus decreased within the first 90 minutes followed by subsequent, but incomplete recovery.
PAM-measurements
TLC-experiments
The fingerprint in the TLC chromatograms (examples of C. aspera; Figure 9 and 10) shows that the composition of the extracts from two sampling sites is quite similar. The red bands indicate chlorophylls. The three other stonewort species C. globularis, C. rudis and C. tomentosa showed rather identical patterns (data not shown).
HPLC-analyses
The DCM extracts (see Fig. 11 as an example) showed a very complex pattern of apolar compounds. Despite some differences in the ratio of the analytes, all major components were detected in the lyophilised and air dried samples of Chara aspera from both localities (Lake Attersee, Lake Millstättersee). Within the other by the polar n-butanol extracts of the ice from lyophilisation (Fig. 5) . Apolar DCM extracts of dried material did not lead to any inhibition of photoautotrophs ( Fig. 5 and 6 ). The n-butanol ice extracts resulted in the strongest inhibition. MeOH extracts and DCM ice extracts caused inhibitions in less than 10% of tests on photoautotrophs (Fig. 5) . Both DCM and MeOH extracts of air dried material resulted in stronger inhibitions of A. fischeri than extracts of lyophilised material (Fig. 6) .
In contrast to the MeOH extracts of air dried material, MeOH extracts of lyophilised material showed more than twofold inhibitory activity in the bioassays with photoautotrophs (Fig. 6) .
C. rudis extracts resulted in the highest number of tests with inhibitory effects (80%) on the Proteobacterium A. fischeri, followed by C. aspera and C. globularis (Fig. 7) ; extracts of C. tomentosa were least three stonewort species similar patterns were observed (chromatograms not shown). Similarly, the patterns of polar components in the methanolic extracts were congruent. No qualitative, but mainly quantitative differences between the two drying methods and between different origins of the same species were detected by HPLC. The polar n-butanol ice extracts contained components of very high polarity, which could not be separated in the applied HPLC system (chromatograms not shown). The DCM ice extracts -as expected -contained obviously only traces of components, which were below the limit of detection.
GC-MS chromatograms
The GC-MS chromatograms indicated that active ice extracts contained a complex pattern of compounds with moderate or low volatility. The inactive DCM ice extract from Chara globularis contained similar major components as the active one from Chara rudis, but the concentration of these substances in the inactive was considerably lower (Fig. 12) . Despite a detailed comparison of the mass spectra of the detected substances with the available mass spectra databases (WILEY229. LIB, NIST147.LIB), an identification of single compounds was not possible.
Composition of Chara material
The organic content was rather similar for all stonewort species whereas the proportion of inorganic compounds was highly variable with the exception of C. rudis (Fig. 13) . C. tomentosa from the Lake Neusiedlersee had the lowest amount of inorganic material.
dIscussIon
This study provides insight into the allelopathic potential of the tested stonewort species on different groups of target organisms. groSS et al. (2007) compared several approaches to detect allelopathic effects of submerged aquatic macrophytes (including Characeae) on phytoplankton and discussed pros and cons of these methods. According to these authors, a single method is insufficient for proving allelopathic activity of submerged macrophytes in their natural environment; a combination of both laboratory and field experiments provides much better information. When comparing laboratory and field experiments, differences in strengths of allelopathic effects might be caused by bacterial degradation of labile compounds during the exudation period, fast dilution of allelopathic substances in the surrounding water and the unknown concentration of these substances in the ambient water under in situ conditions (groSS et al. 2007; he et al. 2008) .
Collected material of this study had a characteristic pungent, sulphuric smell; Chara tomentosa´s aroma resembled garlic. No intraspecific differences were detected from TLC and HPLC patterns indicating that the composition of compounds is independent of environmental conditions. The influence of environmental factors on the amount of synthesized allelochemicals was beyond the scope of the current study, but other studies already demonstrated that light and nutrient supply as well as the presence of certain phytoplankton taxa influence the amount of allelopathic compounds exuded (reigoSa et al. 1999; van donK & van de Bund 2002; Berger & Schagerl 2004; KuraShov et al. 2014) . We tested the potential of allelopathy in laboratory experiments, but for its impacts in natural environments, additional studies are needed. According to van donK & van de Bund (2002) and groSS (2003a), also seasonal differences might have an effect on the strength of allelopathy (stronger in summer, lower in autumn) which, however, can be neglected in this study because the sampling period for all specimens took place in early summer. Table S3 ); (1) lyophilised algae Lake Millstättersee; (2) air dried algae Lake Millstättersee; (3) ice extract Lake Millstättersee; (4) lyophilised algae Lake Attersee; (5) air dried algae Lake Attersee; (6) ice extract Lake Attersee. Table S3 ); (1) lyophilised algae Lake Millstättersee; (2) air dried algae Lake Millstättersee; (3) ice extract Lake Millstättersee; (4) lyophilised algae Lake Attersee; (5) air dried algae Lake Attersee; (6) ice extract Lake Attersee. Fig. 11 . HPLC chromatograms of Chara aspera extracts (both sampling sites and drying methods) at 254 nm: (upper) chromatogram of DCM extracts; (lower) MeOH extracts; (DCM) dichloromethane; (MeOH) methanol; (Millst. air) air dried algae from Lake Millstätter-see; (Millst. lyo) lyophilised algae from Lake Millstättersee; (Atter. air) air dried algae from Lake Attersee; (Atter. lyo) lyophilised algae from Lake Attersee.
Only Cyanobacteria were inhibited by young Chara shoots, which suggests antibiotic activity of their exudates and which is in accordance with previous studies with similar experimental setups (Berger & Schagerl 2003) . Neither intra-, nor interspecific differences were observable in the tests with living material. We found no increase of the inhibition zone with time, but the zone became more clearly visible; this was also shown by PaKdel et al. (2013) .
Bioassays with extracts resulted in stronger inhibition of Cyanobacteria compared to tested eukaryotes. Similar findings were also reported in some previous studies (Berger & Schagerl 2003 , 2004 . It is known, that both Cyanobacteria and stoneworts are able to acclimate to low light conditions (Schwarz et al. 1996; havenS et al. 1998; Mur et al. 1999) . By colonizing the same microhabitat, competition for light between these two groups might explain the major inhibition of Cyanobacteria. Differences in cell wall components between pro-and eukaryotes probably play a major role for the higher sensitivity of Cyanobacteria (groSS 1999; Berger & Schagerl 2004 In contrast to many other studies, which commonly extracted in MeOH and subsequently divided into moderately lipophilic and hydrophilic fractions (BanKova et al. 2001; Berger & Schagerl 2003 , 2004 PaKdel et al. 2013) , we extracted the same dried material with both apolar and polar solvents (first DCM and then MeOH). Apolar DCM extracts of dried Chara material generally did not show any inhibition of photoautotrophic target organisms, which indicated the hydrophilic/polar character of allelochemicals, as polar MeOH extracts caused several inhibitions.
Aliivibrio fischeri showed a different sensitivity compared to photoautotrophic target organisms, because application of both DCM and MeOH extracts resulted in a strong decrease of bioluminescence. This marine organism is not naturally present in freshwater systems and probably reacting more sensitive than the freshwater target organisms. Heterotrophic bacteria might possess other nutrient uptake-mechanisms than photoautotrophic bacteria and it is possible that different membrane structures and easily passing low molecular weight (volatile) substances caused the increased sensitivity (groSS 1999) .
N-Butanol ice extracts caused strong inhibitions of Acutodesmus acuminatus, Synechococcus elongatus and S. leopoliensis, which indicated the presence of volatile allelochemicals. Some other studies also suggested that low molecular weight substances could be allelopathically active (anthoni et al. 1980; BanKova et al. 2001; van donK & van de Bund 2002; lürling et al. 2006; KuraShov et al. 2014) . BanKova et al. (2001) identified some volatile compounds but did not test them separately for possible inhibitory effects. Chlorella vulgaris seems to be quite resistant against allelochemicals; it was not affected by any of the extracts.
Despite A. acuminatus was not inhibited in the bioassays with fresh Chara material, it was affected by the n-butanol ice extracts. This effect might be caused by higher concentrations of active compounds in the ice extracts than it would occur in situ. It is however a challenge to measure in situ concentrations due to the dilution in natural water bodies (groSS et al. 2007; KuraShov et al. 2014) . Since laboratory experiments can hardly simulate the abiotic and biotic in situ parameters, there is an urgent need of additional field studies for testing allelopathic effects (groSS et al. 2007) .
A comparison of the two different drying methods lyophilisation and air drying resulted in only small differences in the bioassays with MeOH extracts, although a strong fishy smell was recognized during air drying at 30 °C. Lyophilised material also showed a characteristic smell, but this was much "fresher". It has to be mentioned here that stoneworts lost their sulphuric smell during both drying methods. Extracts of lyophilised material resulted in a higher number of experiments showing inhibitions in the bioassays with photoautotrophic target organisms than the air dried material, which might indicate a better preservation of algal compounds during lyophilisation.
As several studies suggested that allelochemicals have negative effects on the photosynthesis of target organisms (wiuM-anderSen et al. 1982 ; groSS 2003a), we included tests of the overall activity of the PSII with one extract, which was shown to be allelopathically active in preceding bioassays. We found a steep decline of the photoautotrophic target organism's maximum quantum dark yield, but also a recovery after 30 and 60 minutes, respectively. This regeneration might be explained by degradation of allelochemicals by the target organisms. Our findings are comparable to allelopathic effects caused by Chara globularis reported by lürling et al. (2006) . In our experiments, the two green algae Chlorella vulgaris and Acutodesmus acuminatus regenerated faster than the two Cyanobacteria species. As C. vulgaris was never affected in the bioassays, PAM might be a more sensitive measurement tool concerning short-time bioassays. Fig. 12 . GC-MS chromatogram of the allelopathically active DCM ice extract from Chara rudis (DCM 23) Lake Erlaufsee (inhibition of ++) and inactive one from Chara globularis (DCM 11) Botanischer Garten on photoautotrophic target organisms. Fig. 13 . Composition of Chara: (black) inorganic content; (light grey) organic content; (white) water content; (C. glob. Drau) Chara globularis Obere Drau; (C. glob. BotG.) Chara globularis Botanischer Garten; (C. tom. Atter.) Chara tomentosa Lake Attersee; (C. tom. Neus.) Chara tomentosa Lake Neusiedlersee; (C. asp. Millst.) Chara aspera Lake Millstättersee; (C. asp. Attersee) Chara aspera Lake Attersee; (C. rud. Lunz) Chara rudis Lake Lunzer Untersee; (C. rud. Erlauf.) Chara rudis Lake Erlaufsee.
Our findings fit perfectly to the results of BanKova et al. (2001) . Comparison with GC-MS libraries (WI-LEY229.LIB, NIST147.LIB) and the Kovats retention index of volatile substances from ice did not provide reliable identification of single compounds. This would require a greater qauntity of extracts and involve fractionation and additional purification steps.
Although two strongly and two weakly inhibiting Chara species were chosen (Berger & Schagerl 2004) , we were not able to clearly distinguish between "strong" and "weak" allelopathic activity. According to Berger & Schagerl (2004) , C. tomentosa and C. rudis had lower allelopathic activities than C. aspera and C. globularis, but they used other photoautotrophic target organisms. Thus species specificity, as already mentioned in several other studies, probably plays a key role in allelopathic interactions (Berger & Schagerl 2003; Mulderij et al. 2003; Berger & Schagerl 2004; PaKdel et al. 2013) . In situ investigations are still scarce, but they will be essential for providing new and more detailed insights into the complex mechanisms of allelopathy in aquatic environments. groSS et al. (2007) claimed that several combined methods (e.g. in situ dialysis bags and coexistence experiments) should be used for detecting allelopathic effects. Allelochemicals released by Chara are promising antibiotics, which was shown in this and other studies for both heterotrophic and photoautotrophic prokaryotes. BanKova et al. (2001) observed antibiotic effects by C. globularis on the human pathogen Staphylococcus aureus roSenBach in bioassays, which is of interest for in-depth pharmaceutical studies. Besides such potential applications to fight pathogens, cyanobacterial blooms may be combated by using allelochemicals released by stoneworts (Paerl et al. 2001; hu & hong 2008) .
conclusIon
The intra-and interspecific comparison revealed only marginal differences of allelopathic activities. Also a method comparison between air drying and lyophilisation of the algae material showed similar results. The target groups had very different inhibition patterns. A hint for volatile substances, which are allelopathically active, was provided by analysing condensed ice of the lyophilisation process. Allelochemicals had a strong antibiotic effect on both heterotrophic and photoautotrophic bacteria. The strongest inhibition was caused by MeOH (dry material) and n-butanol (ice extracts) extracts indicating the polar nature of these substances. Table S1 . Summary of all tests (bioassays with fresh Chara material and extracts). Table S2 . Volatile (a) and polar substances (b) of Characeae. 
